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Foreword

The Subcommittse on Rediochemistry is one of a number of subcommittees working under
the Committee on Nuclear Science within the National Academy of Sciences—National Re-
ssarch Council. |ts members represant government, Industrial, and university laboratories in the
areas of nuclaear chemistry and anslytical chemistry.

The Subcommittes has concerned itself with those areas of nuclear science which involve
the chemist, such as the collection and distribution of rediochemical procedures, ‘the radio-
chemical purity of reagents, the place of radiochemistry In college and university programs, and
radlochemstry in environmental science. Tl

This series of monographs hes grown out of the need for compilations of radiochemical
information, procedures, and techniques. The Subcommittee has endeavored to presant a saries
that will be of maximum use to the working scientist. Each monograph presents pertinent in-
formation required for radiochemical work with an individual elsment or with a specialized
technigue.

Experts in the particular radlochemical technique have written the monogrephs. The
Atomic Energy Commilssion has sponsored the printing of the series.

The Subcommittee Is confident these publications wlill be useful not only to rediochemists
but also to ressarch workers in other fields such as physics, biochemistry, or medicine who
wish to uss radiochemlcal technlques to solve speclfic problems.

Gregory R. Choppin, Chairman
Subcommittee on Radiochemistry
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Absolute Measurement
of Alpha Emission and Spontaneous Fission

by Richard J. Brouns

Battelle Memorial Institute®
Pacific Northwest Laboratory
Richland, Washington

I. ABSOLUTE MEASUREMENT OF ALPHA EMISSION
A, INTRODUCTION

The discovery of radioectivity by Becquerel in 1896 and the
isolation of 226Re and 21%Po from pitchblende by Marie Curie in 1898
stimulated research by many investigators into the nature of the rays
emitted by radioective substances. By 1910 alpha rays had been shown
to be helium atoms with a double positive charge, the mass to charge
ratio haed been measured, and the velocities and ranges in air of the
alpha rays from redium and most of ite decay products had been measured.
In addition, many of the elements in the uranium decesy chain had been
identified and their half-lives measured.

In 1908, Regenerrn devised & scintillation method of counting
individusl alpha particles and made the first measurements of the alphea
emlssion rate of a source by alpha scintilletion counting. He arranged
e glass plate thinly coated with finely divided zinc sulfide particles
so that the alphe particles impinged on the fluorescent surface of the
plate. He then counted the individual scintillations visually using a
mlcroscope with a megnification of ebout 30, The scintillation of ZnS
and some other substances by alphe rsy bombardment had been observed
and studied by other scientists several yemrs earlier. Imn a subsequent
paper (in 1909) ) Regener described the use of his scintillation method
to measure the alpha disintegretion rate of a 210p, preparation,

®Jork performed under Contract No, AT(L5-1)-1830 between the Atomic
Energy Commission and Battelle Memorial Institute.
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At ebout the same time Rutherford and Geigerfa\ mneée the first
proportional counter and measured the alphe emission rate of a RaC
{214Bi) source by detecting the alpha particles individually. In the
experimental errangement, e thin, smﬁll area source of 2!%3i was
placed in an evacuated tube several meters from a small mica-covered
eperture on the end of a cylindriecel counting chember. The cou.ntin;l
geometry was known by celculetion from the aperture area ard distaence
from the radioactive source. It was made intenticnally low (about
10-8) to have the counting rate in the range of three to five per
minute., The counting chamber was about 1.8 cm in diameter by 25 cm
long, with a centrel high voltage wire. By operating the chamber at
a pressure of about 40 mm of mercury and en epnlied voltage of gbout
1200 (Just below the sparking voltage), each alpha particle entering
the chamber caused an easily visible throw of a quadrent electrometer
needle. Beta particle events gave only & slight pulse and were easily
rejected. With this counting arrangement, Rutherford and Geiger
determined the alpha disintegration rate of the sample of RaC which
in turn was calibreted in terms of curies by comparing 1ts gamma
activity with thaet of a standerd 220Ra source.

Rutherford and Geiger elso counted their sources by the
scintillation method of Regener end obtained good agreement between
the two methods. They used the same low geometry arrangement as in the
electrical method but with a ZnS screen replacing the counting chamber.
Their apparatus was the forerunner of the low gecmetry alpha
scintillation counters now used for calibrating alphe sources, The
only basic difference in the modern apparatus is the substitution of
a multiplier phototube and electronic counting circuits for the human
eye and microscope,

During the decade following the development of the electriceal
and scintillation methods for counting alpha particles, various
investigators made repeated measurements of the alpha emission rates
of many of the alpha active radionuclides found in nature. In 1924,
Geiger and Werner ™ devised a coincidence method for determining the
absolute number of elpha particles impinging per unit of time on the
scintillation screen of their counter, They focused two microscopes
on the screen so that two observers could simultaneously count the
scintillations. The observers independently recorded the counts
seen, &8s they occurréd, making marks on & moving tape so that coincident
counts as well as the total counts of each observer could be later
read. The mathematical analysis by Geiger and Werner of the coincidence
counting data 1s identical to that now wvidely used for determining



absolute disintegration rates by coincidence counting. If N is the
true number of scintillations that occurred on the screen, and Al and
A, are the counting efficiencies of observer 1 and observer 2,

respectively, then

=
]

P
=

=
I
Dt
Y

Where N1 and N2 are the observed counts py observer 1 and observer 2,
respectively, and C iz the number of coincident counts. Therefore, one

can calculate N from the recorded dsta, N,, N,, and C, using

The sssumptions mede are that each observer's counting efficiency is
constant, that the number of chance colncidences are negligible, and
that there are no scintillations which cannot be seen by at least one
of the observers,

The emission of penetrating rays by uranium was first detected
by the darkening of photogrevhic plates and meny of the subsequent
studies of radioactive materials were made by uéing photographic plates
to detect the alpha, bete and gamma reys. In 1910, Kinoshita fs)
published the results of his studies of the effect of alpha rays on
photographic emulsions of two types, en ordinary photographic emlsion
and & high density emulsion. The latter was shown to be best sulted
for radiography. He attempted to relate the optical density of the
developed film to the amount of elpha exposure but found the reproduc-
ibility to be rather poor. However, he found that the individual
grains of silver developed along an alpha path through the emulsion
could be counted under a microscope.

Since he had arranged the sources so the alpha rays impinged
normel to the emulsion and since the emulsions were thin, only one or
two gralns were developed per mlpha. Therefore, the grain count gave
only an epproximate count of the number of alpha events. The
limitation 1n using the photographic method for quantitative alpha
counting at that time was in the lack of thick, high-density emulsions,
since only elphes entering at am oblique angle would leave &an
unambiguous track, The first thick emulsions (about 50 microme) were
not prepared until about 1927.



B. CHARACTERISTICS OF ALPHA RADIATION

Hyde, Pérlmen, and Sea.borgrGT list the alphe spectra of over
200 known alpha emitting isotopes, including those that decay by other
modes besides alpha emission. Their helf-lives renge from a frection
of a second to 1.4 x 1010 years. A recent and convenient summary of
radioisotope data is evallasble in the book, "Table of Isotopes" 7.
Alpha particle energies range frem 2.5 to nearly 12 MeV, including the
long-range alphas that originate from excited nuclear states. Most
of the alpha emitting isotopes in common use have alpha particle
energies ranging from 4 to 6 MeV.

The range in air of the 232Th alphas (3.95 MeV) is 2.4 cm, end
that of the alphas from 23%Pu, 240py, 232y, 210py, and others having
an energy of ebout 5.2 MeV is 3.7 cm. A 6 MeV alpha has a range of sbout
4.6 cm. A useful empirical formula'8) for estimating the range of 4 to
6 MeV alpha particles in air at standard conditions is:

3
R = 0.309 E /2,

in which R is in centimeters end E 1s in MeV. Ranges of particles in
other substances sre generally expressed in units of milligrams per
square centimeter. One of several empiricel formulas 81 for estimating
the range of alphas in materials other then eir is:

R, (mg/em?) = 0.56RA1/3

in which A is the atomic weight of the material and R is the range in
air in centimeters. To celculate the range in centimeters, divide RA
by 103 p, where p is the density of the material in g/cms. Many sets
of experimental range-energy curves have been published, the most
complete being those for slphe particles end protons in AL, Cu, Ag,
Pb, photographic emulsions, and several organic materials. A good
theoretical treatment of the range-energy relation has been given by
Bethe and Ashiin(9),

Moving charged particles with energies large compared to those
of the bound electrons of an absorber lose energy to the absorber
mainly by excitation and lonization of the absorber atoms. Livingston
and Bethe (10 give a theoreticel quantum mechenical relationship thaet
predicts the energyloss of charged particles due to collision processes

in an ebsorber:

-E
dx

Where 1s the energy loss per centimeter, ze and v are the charge



and velocity of the moving particle, N is the number of absorber atoms
per cma, end Z is the atomlc number of the absorber. The equation
predicts correctly that the number.of ions formed per centimeter by the
particle increesses almosf exponentielly as the particle slows down.
The equetion breaks down at the tail of the elpha track, when the alphe
has clowed down to much less than 1 MeV,

The initiel veloclty of a 5.3 MeV alpha particle 1s about
1.5 x 10?2 em/sec. For such s particle, the average emergy loss per ion
pair formed in air is 35.6 eV, and the number of ions formed along the
total alpha track in air 1s about 1.5 x 105, The size of this number
influences the size of the voltage pulse from an ionization chamber.
The range of the particle and the density of ions slong the traj)ectory
of the particle can influence the design of an ionization chamber.
For example, fission product ions have very short ranges in an azbsorber
and have very lerge initiel charges. However, the charge decreases
along the ion peth by capture of electrons. As a coosequence, the
gpecific ionization of & fission particle is highest near the beginning
of its trejectory and a proportiomal counting chamber cen be made
efficient for fission particles while discrimineting against alpha
particles by keeping the chamber dimensions small enough so that the
alpha particles do not expend all of their energy in the sensitive

volume.

C. METEODS OF ABSOLUTE ALPHA COUNTING
1. Introduction

In most amalyses for alpha emitting isotopes in chemical and
biological work, relative methods for measuring alpha activity are
sufficient. By this we mean that the amounts of alphe activity
collected or recovered in the process are compared with the emounts
taken initielly. The counting efficiency is simply kept constant by
reproducing the semple mounting and counting techniques to a degree
controlled by the degree of accuracy desired. However, on some
occasions an mbsolute measurement of alpha activity ie needed. 1In
such a case, either an absolute or & calibrated counting method 1is
required, and in the latter case, en ebsolute method of counting may be
needed to standerdize the method and the alpha counter. Typical
applications in which ebsolute or celibrated alpha counting methods may
be required are meesuring the smount of an elpha active radionuclide in
ores, minerals, soils, water, etc.; determining the amount of an
alpha emitter in blological specimens; measuring the inputs and outputs

of & process; end measuring yields from a fission or activation process.



Eerlier generael reviews of abaolute alpha counting are found in books
by Seaborg and Katz(11), Johnson and Co-Authors 121, and in & monograph
by O'Kelleyrlax.
Table I lists three methods by which elpha sources may be
eccurately standerdized, Each of these will be described in detail
in the following sections. Chemical analysis and calorimetry can, in
principle, also be used to determine the amount of an alpha emitting
isotope in a source when the isotopic composition and decay constents
are accurately known. These methods ere limited to sources containing
rether large amounts of material, altnough calorimetry, perticularly,
is @ very accurate and precise method for direct measurement of the
alphe emission rate of a source. A calorimeter measures the total
disintegration energy of the sample if &ll of the radiation is absorbed
in the calorimeter. Alpha rays and the nuclemar recoll energy are
alwvays completely ebsorbed and beta rays ere also completely absorbed
in most calorimeters used for alphe and bete sources. A correction
is emsily made for energy lost by gamma emission. Good reviews of
the calorimetry of radioactive sources have been published by Eichel'bergerrlln
and Gunn(15),
TABLE T
METHODS USED FOR ABSOLUTE ALPHA COUNTING

Method Application
Low geometry, defined Analysis of mounted sclid samples
solid angle counters. and standardizetion of sources of

any alpha emitter heving a sufficiently
high specific activity.

241
Alpha-gamma coincidence Standardizetion of Am alphe
counting. sources,
Liquid seintilletion. Analysis of liquid samples for any

alphe emitter,

Nelther of the ebove methods cen be used to directly calibrate
sources of the size used for counting, but rather, are used to prepare
a stendard solution from which meesured aliquots are taken to prepare
sources, That procedure is not recommended for preparation of calibration
sources beceuse the source mounting step introduces more error then
desired, The most sensitive microcalorimeters described in the literature
can measure the disintegration rates of sources es small as about
0.1 milliwatt with s preecision in the tenths of a percent. Assuming
that a 0,1 milliwatt source is needed, the required amount of a typical



241
alphe emitter such as Am would be 3 millicuries or 6.66 x 102 4/m.

This is at least a factor of 10 greater than the source size desired

even for low geometry counting.

2. Low Geometry, Defined Solid Angle Counters

a. Low Geometry Attachments to Proportional
and Scintillation Counters

The traditional absolute alpha counter is a defined solid angle
counter of low geometry, e device in which the source is positioned a
fixed distance from a collimating aperture through which the alpha
particles must pass to be counted. There are several variations in
physical details and in the type of alpha detector used but the bdasie
counter is & two-chambered device with the collimating aperture
separating the chambers. The alpha counting efficiency of such &
counter is determined by the solid angle subtended by the collimator
and the source with corrections for the esrea of the source, The
accuracy of the calculated geometry factor depends on the accuracy of
the measured values, namely, the diameter of the collimating aperture,
the source to aperture distance, and the area of the source. Care is
teken to avoid errors due to non-uniformity of the deposit on the source,
scattering of alpha particles from the sides of the source chember,
and self-absorption of alphe particles in the source.

The use of & low-geometry counter greatly reduces the effect of
two sources of uncertainty in the efficiency of counting by 27 and
other high geometry counters. These are self-sbsorption and
backscattering. Self-ebsorption losses are minimlzed by using
sufficiently thin sources and by the geometrical errangement by which
only particles emitted at nesrly right angles to the source plane
are counted. Backscattered alphe particles are not counted beceuse
alpha particle scattering is angle dependent, with virtually no
scattering at angles above about 30 degrees to the source plane,

The earlier low geometry alpha counters were made by ettaching
a vacuum source chamber toc a standard proportionmal counter, such as
the Simpson methane proportional counter. Jaffey(l1) reviewed this
subject in about 1953 and mentioned several kinds of low geometry
attechments. He emphasized the importance of an accuretely machined
metal chamber with s very reproducible source-aperture spacing, Early
chambers of this kind are described by Fleming and co-workers (16) and
by Curtis end co-workersf17>18)  Fleming, Ghiorso, and Cunninghamf16)
used their low geometry counter to measure the specific activities of

2348y ang 236U. Their counter consisted of an evacueted metal sample



chamber attached to a conventibnai argon-rilled alpha counter, with an
aluminized mica window covering the collimator at the top of the wvacuum
chamber. The geometry, calculaeted to an accuracy of about 0.1 percent
from the physical meesurements, was gbout 1/800.

The review on aebsolute elpha counting by Curtis and co-workers 181
contains good discussions of the limitations of 27 counting, estimates
of the backscatter and self-sbsorption effects, and 2 description of a
low geometry attachment for a proportional alphe counter. In many
respects, the counter wes similar to that described by Fleming and
co-workersrls‘, as well as those used routinely at Berkeley (Lawrence
Rediation Laboratory, University of Californie), Hanford (AEC plutonium
plent at Richland, Weshington), and Savennah River (AEC plutonium plent
at Alken, 5.C.). It had a parallel plane source-aperture configur-
ation in e cylindrical chamber. The chamber described by Curtis and
co-workers differed, however, in having a multiple orifice plate
and both a high and a low pedestal source holder to give geometry
flexibility. The orifice plate contained four accurately machined
holes in a Y pattern with provision for covering the outer three holes
when desired. Thus, four gecmetries were possible with the combination
of orifice plate and two source pedestals.° For the particular chamber
deseribed, the gecmetry factors (1/G) were: L4.1376 x 102 * 0.08%,

14,0258 x 103 * 0.10%, 1.5836 x 103 * 0.06%, and 1.6022 x 10% ¢ 0,10%.
The geocmetry values were calculaeted for each orifice by using formulas
similer to thomse described by Jaffeyf19),

The source chamber for a typical low geometry alpha counter is
shown in MMgure 1. A counter of this design was used by Overmen at
the Savannah River Laboratory for a recent evaluation of low geometry
alpha countingfzo‘ and similaer ocunters have been used at Berkeley
end Hanford. The chamber hed a geometry of about 1/700 and was attached
to a methane-flow alphe proportional counter.

H. P. Robinson of the University of Celifornie at Berkeley
described 211 the precision low geometry counter shown in Figure 2. The
source chember of this counter was 39-1/2 inches long, the collimetor had a
3-inch diameter and the geometry was ambout 1/2600, The chamber had
eight concentric baffles to stop elphe particles scattered from the
walls. Without baffles, the error introduced by wall scettering would
be nearly one percent. The error would probably be much smaller in
the counter shown in Figure 1 because of the shorter tube (larger
scattering angle) and the small (1/2-inch) collimator used.

Robinson also discussed e medium geometry counter with e geametry

of 1/29 having a k-inch collimstor and & 5.1-inch spacing. The use of

8
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Vacuum Chamber Attachment
(Courtesy of R, F., Overman, Savannah River Leborsatory)

such a large collimator area for & given geometry permits a relatively
large source-collimator spacing, minimizing the source area correctiomn,
since, as the spacing increases, a spread source more closely epproximates
e polnt source.

Robinson recommended use of gauge blocks and a mlcroscope for
eccurete measurement of the chember dimensions. A circuler gauge a
few thousandths of an inch smaller than the collimator is made and
accurately calibrated using gauge blocks, It is placed in the collimator
and the gap meesured with a microscope.

Most of the low geometry standerd alpha counters described in
the literature have had proportional counters etteched to the low
geometry source chembers. High quelity alphae scintillation counters
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Iow Geometry Scintillation Counter
(Ref. 21)

(especielly sllver activaeted ZnS screens) and the necessary high
quality multiplier phototubes and electronic accessories are now
commercially available and offer some adventages over proportional
counters, Therefore, some recently constructed low geometry counters
use alpha scintillation counting instead of proportional counting,

The counters described by Robinson(21) had ZnS scintillation
screens that were made in his own laboratory (see Fig. 2). The ZnS
screen, formed on a gless plate end covered with a reflective film, was

placed just ebove the collimator. The scintillation screen and
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reflector film formed the eir-tight top of the low geometry, evacumted
chamber,

One of the compelling reasons for using & scintilletion counter
on Robinson's low geometry chamber wes that the collimators were
large (3 or I inches) so that forming a thin vecuum-tight window (e.g.,
using one or two mg/cm2 mica) over such a large aperture was probably
impossible,

A plastic scintillation screen may be used as an alpha detector
ingtead of zinc sulfide. Thin plsasstic scintillation screens with
uniform response are simple to prepere, wherems good zine sulfide
screens that are uniform and certein of a 100 percent counting yield
are difficult to prepare. Plastic scintillators, on the other hand,
do not permit good discriminetion between « and B partlcles. Spernol
and Lerchf22) gescribed a low geometry absolute alpha counter using
a NE 102A plastic scintillator cemented to e gless plate and
light-coupled to e multiplier phototube., They tested thicknesses of
Plastie from 0.01 to 2 mm and carried out experiments with several
low geometry vacuum chember attachments with geometries ranging
from 1/50 to 1/30,000. Using a counter with a geometry of about 1/2000
(64 cm source to aperture distance and 6 cm mperture diameter), they
showed that alpha sources could be counted with an accuracy of better
then 0.2 percent. Average results for four 2%1lAm sources counted by
low geometry, Yw mlpha, 4 a-y coilncidence, and liquid scintillation
methods were shown to agree within the 0.2 percent figure.

b. The Ward Counter

In the Ward counter, the window between the source region and
the counting region is omitted and the entire counter is filled with
the counting gas (methane) at a low pressure, The pressure of the
filling gas is adjusted so the alpha particles come to rest inm the
counting region. A counter of this kind described in a report by
Cruikshank and co-workers23) had a defining aperture dismeter of
0.75 in. and a source distence of 4,877 in. and was operated with
methane at & pressure of ebout 3 em. The calculated geometry was
1/693.

A structurally improved version of the Ward counter is describea
by Hurst and Hellf2"), The counter had a geometry of 1/(717.3 * 0.8)
for a uniformly spread source of O.l-inch dlemeter end was operated
with methane at 6 em. The simplicity of the Ward counter is

attractive. The operation of a proportional counter in this menner

1



is mlso favoreble, requiring low voltage and belng capable of adjustment
{by pressure setting) to a relatively high pulse height for alphas

from the source reletive to background alpha and beta activities

arising from impurities in the walls of the source chamber,

Cruikshenk and co-workers 231 indicated that their Ward counter
wes calibrsted to en accuracy of sbout * 0,35 percent. Hurst and Hell(2¥)
discussed using a Ward counter thaet was accurate to ebout t 0.5 percent.
They considered the Harwell model of the Ward counter to be accurate
to t 0,1 percent. The high voltage plateaus were very flat and
standard sources recounted over e period of more then a year gave
identical results.

3. Medium Geometry, Defined
Solid Angle Alphe Counters

H. P. Robinson (25} designed a relatively high geometry alpha

chamber capable of precise asbsolute counting. The golid angle is
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Figure 3.
Plan of High Geometry
Defined Solid Angle Counter by Robinson
(Ret, 25)

defined by the combination of a collimator and a central axisal stop
of such m size and shape and at such a position that the effect of

12
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Figure k4.
Solid Stop Design
(Ref. 25)

the position of the source on the solid mngle geometry is minimized,
The principle of the design is illustrated schemetically in Figure 3.
The compensating stop minimizes variations in counting geometry due
to vertiecal displacement of the source and counting of backscattered
alphas is negligible becmuse the smallest angle subtended by the
aperture is above 30°. The design 1llustrated in Figure 4 shows a
80l1id stop designed to minimize errore due to both horizontal and
verticel displacements of the source. The stop has an elliptical
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share with v being the radius at e distance u from the bottom; k,

a2 and m2 in the equetions are erbitrary constants. HRobinson
constructed a counter with an ellipticel stop having a 21,77 mm
dismeter at the bottom end, & collimator dimmeter, 2e¢, of 152.405 mm,
a source to stop distance, a, of 21.37 mm and e collimator to bottom
of stop distance of 22,17 mm. The counter had a geometry of_0.197h8.
When in use the source chamber was attached to a ZnS seintillation
counter and evacuated., A comparison with a low geometry standard

counter gave excellent agreement with the calculated geometry.

4, Celibration of Low Geometry Counters

A simplified formula that may be used to calculate the counter
geometry factor for a uniform circuler source with redius, s, at a

distance, h, from a eircular aperture having a radius, r, is:

2 2 2 L) 2 A
Geometry = T— - 3L~ (2 4 g2) 4 r_(zr +3sr2+es3
kh2  16n* 3 12.8 J

An exact formulae for calculeting the geometry for a spread source
in such & counter is very complex and many simplified formules have
been derived, The derivation of several of these formulas has been
described by Jaffeyrls‘.

Required dimensionel accuracles for a geometry accuracy of

0.1 percent azre given in Table II. To obtain an accuracy of

TABLE II

DIMENSIONAL ACCURACY REQUIRED FOR A PHYSICAL GEOMETRY
ACCURACY OF * 0,1%, LOW GEOMETRY ATTACHMENT

Maximum Alloweble Error

Relative Absolute For Nominal
Critical Dimension Percent Inches Dimensions (inches)
Aperture (r, radius) + 0,05% + 0,0001 0.2000
Height (h) * 0.05% ¢ 0.002 4,000
Semple redius (s) + 8 t 0,03 0.375

t 0.1 percent in the geometry of a counter having a geometry of ebout
1/7T00, the sperture radius and height of the chamber must each be
measured with an accuracy of about * 0,05 percent. That is difficult
to achieve, In addition, some uncerteinty in the effective aperture
diameter may occur beceuse alpha particles will penetrate up to about
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10 microns of steel and be counted. The knife edge of the aperture
should therefore have as high an angle as possible. An additional
gource of error stems from uncerteinty asbout the amount of low angle
elphs particle scatter from the walls of the chember. A series of
circular baffles should be used to reduce the error.

The reproducibility of dimensionsal measurements of low
geometry chambers at Hanford has indicated that their calibrations

are accurate to within about * 0.3 percentrzs\.

5. Alpha-Gamme Coincidence Counting

a, Principle

Coincidence counting hes been used to determine the absolute
disintegration rates of beta redloactive sources for several decades.
Electronic coincidence methods date from about 1930. Geiger and Werner
used a visual coincidence counting method for elpha scintillationg as
early as 1924, as mentioned previcusly in the Introduction. Descriptions
of the theory and prectice of colncidence counting are rbund in numerous
books and review papers. The principle of the coincidence method of
calibration can be illustrated most easily with the simple use -of a
beta emission followed by s single gamma ray.. In the cese of absolute
beta counting, a bete detector, a gemma detector, end the source are
errenged in such a way that both the bete and gamme counting rates ere
high enough for good counting statisties end low background corrections.

The observed net beta count rate, HB, ise:

8 is the efficiency
of the beta counter. Similarly, the net gamma count rate, RY’ is:

where A° is the absolute disintegration rate and e

Ry = AOEY

and the colncidence counting rate is:

BEY

R = A€
c o

Solving theae three equations in terms of the measured beta, gemmsa,
and coincidence counting rates, the disintegration rate of the sample

ie given by: R R
8y

Re

The observed beta, gamma, and coincidence counting retes must be

corrected for background, chance-coincidence count rates, beta counts,
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if any, detected by the gamma counter, and gamma counts detected by
the beta counter. These corrections can be minimized by judicious
choice of source intensity and counter cheracteristics. The chance

coincidence count rate is given by:

Where T is the coincidence resolving time of the counter.

When the coincidence count method is applied to ebsolute slphe
counting, or actuelly, alpha source standardization, 241pm is used as
the alpha source. The decay scheme of 2%1lam is shown in Figure 51271,
The alpha particle spectrum of 241an has several alpha energy levels
corresponding to excited states of 237Np. The most abundant gamme ray
of 24%lpm is at 60 keV, with less abundant rays at 27, 33, 76, 103, and
others, The alpha-gamma cecincidence counting method is usually
epplied to the 60 keV gamma, only, the other gemme rays being excluded
by energy selection. The sbundance of the 60 keV gamma is 0.36127

b. Application

The firset reported epplication of a~y coincidence counting to
calibrate 2%l1am alpha sources was by Lyon and Reynolds 28), They
used a Lr alpha proportional counter mounted ebove a sodium iodide
gamma detector to count 241pm sources mounted on thin plastic films,
The hﬂ& counter was also used in a 2ma counter mode end identical
results were obtained in standerdizations made using Yma—y
coincldence and 2wa-y coincidence counting. Corrections were
necessary for source mount interferences in the 4ma counter.
Callbrations by 2wme-y coincidence of sources mounted on platinum and
stainless steel disks were also made.

Use of the a-y coincidence method wes reported by Overman(20),
by Sakel end co-workers29), ang by several lsboratories thet partici-
pated in an internetional exchange of standerd alpha sources of 2%lam,
as reported by Rytz’ao\. Overman used both a 2ﬁ windowless methane
flow alpha counter and a ZnS alphe scintillation counter in combinetion
with a Nal gamme scintilletion counter for his socurce calibrations.
The results agreed within about 0.5 percent with calibrations made by
low geometry alphe counting of the same sources. His data are shown
in Tsble IIT.

Sakal and co-workers 22) used silicon p-n Junction~-type detectors
for the alpha counting and NaIl scintillation counters for the gamma
counting. The purpose of their work was to meesure the half-life of
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Figure 5

Simplified Decay Scheme of 2hlpm

the 60 keV level of 237Np and to measure the effect of the coincidence
regolving time on the absolute measurement of 241pm gource activities.
No exact comparisons with other methods of source calibration were
made although some comparative measurements were made with a low

geometry counter errangement of limited accuracy.
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TABLE ITI

COMPARISON OF COUNTERS
WITH 2“lam SOURCES*

(Reference: DP-T80, R. F. Overman) f20)

Coincidence Counting

d/m Low Geometry
Counting
_Source Counter I Counter II B da/m
1. 1.1068(10%) 1,1053(109) 1.1033(10%)
t 0,36% . £ 0,07% t 0.05%
2, 1.1895(105) 1,1894(105) 1.1809(103)
+ 0.Lo% £ 0.36% t 0,045
3. 1.1514(10%) 1.1566(10%) 1.1L89(103)
t 0.66% £ 0.37% t 0,15%
Differences®#* + 0.L6% + 0,62% _—

®The precision values are based on the standard error of the mean count
rates. '

#8yei ghted average of coincidence counting results minus weighted
average of low geometry counter results.

c. Calculations

Calculation of the absolute alpha disintegration rates of

241pm gources is made by the usual formula:

which is derived as follows:
Let Dy, Dyy D3, « & = « - be the disintegration rates
of the a particle groups going to the 60, 103, 159, . . . .
« +» = keV levels. Therefore the observed alpha counting
rate:

+ D.e, +

Ra = Dye, + Dze2 3%3 . v e

1
vwhere e,, e,, €5, . . . are the alpha detection
efficiencies, Since the alpha energies are very close to

€. . +. .« « « . have the same values,

each other, €15 €55 €4

and



Ru'el(D1+Dz"’D5+' S |

Let El' Ez' Ea, « « « =« « be the emission rates of the
gamma reys at 60, 103, 159 . . . keV; then the gamma counting
rate is:

RY = Elfl + Ezfz + Eafa +
where f,, £, f3, « « . . . are the gamma ray detection
efficlencles. If the efficiencies 1'2, fa, . o+ 6are made equal
to zero by energy discrimination:

RY = El""l

The coincidence countlng rate is expressed by:

Rcy = Eye 1y
This equation contains E1 rather than D; because the former rate
is the smller of the two (E, is 0.36 while D, is 0.86). Since
E,y Eg » « . .« ererejlected by energy diserimination,
these terms drop out of the colncidence count expression.

Consequently, the three measured wvalues, Ru’ Ry, and RtlY
can be used to solve the equation.

RR N e1(Dy + D, + Dy + . . . . L)EL)
By Eyeyfy

- D1+D2+D3....-.

and this sum of all alphe disintegration retes is equal to

the total alphe disintegration rate.

Each measured alphe snd gamma count rate (Ru and BT) must be
corrected for background counts in the usual manner. Ir addition, a
correction must be applied to Ru‘v for chance coincidences. Thie 1=
calculated from the a and y count rates and the resolving time, T, of
the coincidence counting system

Cc ch ™ 27 Ru.Ry

vhere Ru and R‘Y are uncorrected count rates.

6. Liquid Scintillation Counting

Several organic liquid scintillators as solutes iIn liquid
organic solvents are used for Lwx scintillation counting. Typical
liquid ecintillators ere p-terphemyl, 2,3-diphenyloxazole (DPO or

PPO) and 2-phenyl-5-biphenyloxazole at concentrations of L to 8 g/L
in toluene, xylene, dioxane, or other solvents. A small amount of an
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organic compound thet serves as a wavelength shifter, such as
diphenylhexatrene or 1,4-di-[2-(5-phenyloxazolyl)]-benzene (POPOP) is
often added to the scintilletor. The excitatlion produced in the solvent
by the nuclear radiation is transferred to the solute before quenching
can occur, The solute then loses the excitation energy by producing
photons at e wavelength characteristic of the solute. The shifter
increases the wavelength to a region nearer the peek of the sensitivity
curve of the multiplier phototube, Much more complete treatments of
liquid scintilletion counting are ava;lable 1n several books and

reviews (31,321 )

Liquid organic scintillators are valuable for counting weak
beta end alpha particles because the problems of self-sbsorption in
sample mounts and absorption in counting tube windows is eliminated.
The liquid scintillstion counter has considerable versatility elthough
it produces smaller pulse heights than most crystals and solid orgsnic
scintillatora. Many orgenic and agueous solutions camn be dissolved
directly in the seintillator without serious quenching,

Basson and Steyn proposed in 1954733 that a liquid scintillation
counter be uged for aebsolute alpha counting of solutions. They
measured the pulse height distribution for 5.3 MeV (21%Po) alpha
particles in a scintillator of 2,5-diphenyloxazole in p-dioxane (3 g/%2)
at room temperature and showed that the absolute slpha count rate
could be obteined by extrapoleting the integrel count rate to zero bias.
The alpha plateau wes not flat enough for direct absolute coumnting, In
1956, Basson published date on the ebsolute Ly alpha scintillation
counting of astatine-211 solutions (3%, 1In that work, he obtained very
flat plateaus and a complete separetion of the two principel alpha peaks
of 211pt from background., Both terphenyl in toluene and 2,5-diphenyloxaezole
in p-dioxane were used,

Horrocks end Studier(35) applied the liquid scintillation
counting method to the determinetion of 2hlpy 4p plutonium samples by
means of the alphe count-beta count ratio. They used b g/L of
p-terphenyl in xylene with 0.1 g/ of POPOP me the scintillator and
operated at -9°C to reduce the background count rate. In addition,
they used a coincidence arrangement to improve the counting efficlency
for the weak beta particles of 241lpy and further reduce background,
These refinements would not normally be required for elpha counting
alone. The alpha peak of the plutcnium isotopes (239Pu, 2"'[)Pu, and 2%2pu)
wes completely separated from the beta spectrum and the authors
estimated that only asbout 0.7 percent of the a-perticles counted in
the 2%1pu beta energy region.



Seligerr35‘ measured the energy resolution for alpha snd beta
perticles and demonstreted 100 percent alpha counting in the liquid
scintillator consisting of phenyl-biphenyloxadiazole-1:3:4 and POPOP
in toluene (8 g/% =nd 0.1 g/2, respectively). He obtained a
conversion efficiency of one photon per 125 eV of beta and one photon
per 1400 eV of mlpha energy. After selection of conditions that gave
a flet alpha plateeu, agreement between liquid scintillation counting
and 4n proportional counting of 210po solutions was within 0.3 percent.

Ihle and co-workers 37V algso compered the results of aebsolute
alpha counting by 4n liquid scintillation counting and 4r proportional
counting, obtaining agreement within a few tenths percent or better in
all ceses.

Brauer, Stromett, Iudwick, et alf38:39)1 uged the 1iquid scin-
tillation method to measure the specific alpha activity of 237Np. an
epperatus gimiler to thet of Horrocks (35) was used end the scintilletor
solution was T75% dioxane, 12.5% anisole, 12.5% 1,2-dimethoxyethene,

T g/% PPO end 50 mg/% POPOP. The specific alpha activity obtained
agreed with that obtelned by stendard low geometry alpha counting
within the counting precision at the 95 percent confidence level.

An importent limitation of liquid scintillation counting is that
an alpha particle produces a pulse size ebout 1/11th of that produced
by a beta particle of the same energy. That, coupled with the rather
poor energy resoluticn of liguid scintillators, results in the possibility
of serious beta interference when mixed elpha-beta emltters are to be
counted., In all applicetione, & careful check of the alpha plateau
must be made with all impurities to be added with the sample present
in the scintillator.

T. Intercomparison of Alpha Standerdizetions

The following tebles of dats illustrate typical agreement
between different methods of alphe standerdization by verious

laboratories.

Table IV

Intercomparison of Four Low Geometry Ward Chembers
at Chalk River (40}

Counter 24lpm Source
1 5.068 x 108 a/m
2 5.063 x 10% a/m
3 5.059 x 10° d/m
L4 5,075 x 105 a/m



Table V

Intercomparison of Three Alphe Sources
Between Two Laboratories

(from Glover and Hall) 41}

Herwell Values¥* Berkeley Valueg*¥
Source d/m 4/m
S-36 1.956 x 106 1.956 x 108
s-31 N 1.169 x 106 1.164 x 106
2 1,169 x 106
g-49 M 8.109 x 106 8.113 x 106
2 8.110 x 10%

*Jard type counters. Two counters used for S-37 and S-49,

*#Lawrence Radiation lab.; low geometry secintilletion counters

used,
TABLE VI
Intercomparison of Results by Several
Laboratories Using Three Plutonium
Sources Prepared at Aldermaston
(Low Geometry Chembers Used)
(Reference: AWRE-0~59/63) (42
Average Count Rate,
Laboratory Relative to AWRE Value
AWRE 1,000
AECL (Chalk River) 1.014
AERE (Herwell) 0.999
DERE (Dounrey) 1,001
TABLE VII
Comparison of Alphs Sources
(Reference: HW-59642) (38
Argonne Nationsl
Source Henford Berkeley* Laboratory*#*
3 (239%py) L.107 x 10° 4,128 x 10°
4 (239py) L,216 x 10% 4,238 x 10
10 (2%1Am) 4,705 x 108 4.713 x 108
12 (2%1pm) 3,731 x 107 3.728 x 107

%H. P, Robinson, private communication.
#£R. F, Buchansn, private communication.
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TABLE VIII
INTERCOMPARISON OF METHODS OF 237Np SOURCES
{Reference 39)

Measured Speclific Activity of 237Np,Source

(d/m/ug)
Low Geometry Proportional Liquid
Counting Scintillation Counting

1591 1583
1586 1575
157k
1587

Mean 1584

TABIE IX

Intercomparison of Standardizations of
a 241pm Solution (Note 1)
(Reference: Np-1L872) 1301

d/s/mg
A. Values obtained by defined 11.3/2)
g0lid angle alpha counting. 11.21

B. Values obteined by liquid
scintillation counting 11.3
11.57
11..29
11,28
11,1212}
11.27
11,221

C. Values obtained by l4ma-y 11.31
coincidence counting. 11.28
11,28
11.3012)
11,222
11.32
11.36
11.30
11.h5
11,23
11.32
11.27
11.31
11.26
11.26
1.27
11.27

Note 1: 21 laboratories throughout the world
participated in this exchange spomsored by
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the International Bureau of Welghts and
Measures, For further details and identifil-
cation of the laboratory that submitted each
result, see the original paper., Each value
is the result reported by one laboratory.

Rote 2: Estimated relative error greater than
0.5 percent,

D. PREPARATION OF ALPHA CALIBRATION SOURCES

Cellbrated sources of elpha active material are needed to
standardize the alphe counters used in routine work. The absolute
alpha disintegration rates of the scurces sre measured by one of
the absolute counting methods described in the foregolng sections.
Because alpha particles have a short range in matter, the source
must be very thin and uniformly deposited. In addition, the alpha
mount backing rust be flat and smooth to avoid ebsorption losses when
used on high geometry counters since scratches, indentatioms, and
ridges block alpha particles emitted at low angles.

Calibration sources are most commonly prepared on metel folls
although glass and vlestic folle may be used. To minimize corrections
for alpha backscatter differences, the calibration foils should be of
the same materia] as used for routine source mounting. The calibration
foll should be thick enough to be rigld and not susceptible to bending
or dimpling. Ten-mll thicknesses are generally adequate, If the
seme foll thickness is not used for sample mountings, a calculated
correction may be needed to correct for the differences in source to
counter window distence. The difference 1s negligible in the case
of 2r windowless counters, such .as proportional countsrs, but with a
acintillation eounter operating in the 30-40 percent geometry range,
e difference of 5 mils disk thickness will cause a geometry error of
several tenths percent.

A mirror-bright finish on metal folls 1s necessary end the foll
preparation process must not cause visible etching. A disk commonly
used at Hanford for routine alplia mounts is e 22 mm diemeter stainless
steel disk punched from 10 to 12-mil-thick polished sheet with a high
mirror surface finish (a No. 4 microinch finish is satisfactory).
Platinum is also a favorite foll materlial mince most agueous and
organic solutions can be evaporated on it without causing corrosion,
and it cen be ignited to red heat in air to remove orgeanic deposits.
Platinum sheet is often not smooth enough as purchased for high
quality alpha counting folls. The disks may be polished by hand with
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fine abresives. A vibratory metaellogrephic polisher 1s convenient
and & good series of abresives is No. 600 emery, No. 000 emery,
6 micron diamond (AB Metaedi), and Mg0 powder, used in that sequence.

The devosit of alpha-active materisl on a source must be uniform
and thin to avoid serious lose of alpha particle energy in the deposit.
In 2w counting, the tolerable emount of solids on the source is limited
to about 30 ug/tmz. With a low geometry counter, considerebly grester
thickness can be accepted becszuse the low angle alpha particles that
would be most affected by the source thickness are not counted. A
source thickness of up to a few mg/cm2 can be toleratéd in that case
(typical ranges of alphe particles of 5 MeV energy are about B mg/cm?
for Al end sbout 18 mg/cm2 for Pb) but such a source is not suitable
for standerdizing 2% counters. Long-lived alpha emitters like 238U,
235U, and 232Th do not meke suiteble alpha sources for calibration by
low geometry counting because even the maximum allowable amount of
material per eource would yield a rather low counting rete in low
geometry counting.

Conesidereble effort has gone into development of techniques of
preparing thin, uniform films of materiel, especlally by escientists
making targets end folls for measurement with particle accelerators
and remctors.

A good series of summary pepers on the methods in common use is
avalleble in the proceedings of a siminar held at Harwell in
October, 1965f43\_ Vacuum eveporetion and electrodeposition are
widely preferred methods. The former gives the most uniform deposits
while the latter gives higher ylelds, conserving scarce isotopes,
and requiring simple apparatus that is readily availamble in all
laboratories, Descriptions of these end a few other good methode for

alpha and fission counting source preparation follow.

1. Source Mounting by Evaporation

The most straightforward aepproech to preparstion of mlpha
sources is evaporation of an eliquot of solution on e sultable
backing. However, producing a thin socurce by that technique is very
difficult. First, the solution muet be essentially free of salts
that would contribute eppreciable mess to the final deposit, and second,
any solids present, including the active material itself, do not
deposit uniformly but tend to deposit es crystals and aggregates that
cause self absorption of alpha ectivity. Spreading agents can be
added to the solution during evaporative deposition to reduce the

25



crystallization problemr"“'ks‘, Tetraethylene glycol or a solution
of Zepon® lacquer added to the foil with the active solution inhibite
crystel growth and causes thickening to a viscous polymer before the
evaporation is complete. The technique results in a deposit ccntaining
much organic materiel which must be burned off, As a result, the
deposits tend to be poorly adherent to the backing and require a thin
coating of collodion to prevent loes of activity during use.

Glover and Borrellrus\'obtained quite edherent coatings of uranium
end plutonium by applying many thin layers using cellulose nitrate as
e spreading agent. They paintéd on layers of the active mixture, ignited
them, and rubbed the surface with & tissue between successive layers.
The deposits had very good uniformity by an autorediography test.

Direct evaporation of organic solutions can give neerly solid
free deposits of some alpha emltters. Examples are ether solutions of
uranium and benzene or toluene solutions of plutonium-TTA chelate,
Such solutions have s tendency to spread and go over the edges of the
foll when heated, rather then remain in dropsa like aqueous solutions,
Placing a common iron washer under the disk on a hot plate so the
heat is conducted mainly to the outer rim of the disk helps reduce
spreading. A special electricel heating device that heats only the
outer rim while a cold spot or heet sink is in contect with the
center of the disk is much more effective (7). 1In any case, the
orgenic liquid must be added to the disk in amsll increments during
evaporetion, Alpha folils prepared by evaporation of organic
solutions usually have very good alpha energy resolution and therefore

would probably be quite satisfactory as calibration disks,

2, Electrodeposition

The method most widely used by radiochemists for the preparetion
of standard elpha sources is electrodeposition, The method is
applicable to many elements and electrodeposits can be made on foile
of noble metals, copper, lead, steel, esluminum, -and probably several
other metals. Procedures for a few elements were reported in the
published records of the Manhatten Projectr““’ks‘. Uranium is
electrolytically reduced from the hexavalent uranyl ion to the
tetrapositive state at the surface of the mounting foil, which is the
cathode. The uranium is deposited as a hydrous oxide or as UFH,
depending on the electrolyte used, The foll is finally heated to

convert the deposited uranium compound to the anyhydrous state or to

®Nitrocellulose in acetone.
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an oxide. The electrodeposition can be carried out from a 0.06 M
ammonium oxalste solution st 80°C and & current density of 120-150
mA/cm?, a 0,1 K KOH-0.1N K,CO, solution at 5 mA/em?2, & 0,02 M NeF
solution et 5 mA/cmz, or a setursted LiF solution &t 1 mA/cm?. The
procedures that use high current densities are much more repid than
the others. All are reported to give firm; uniform deposits with
essentially 100 percent yields.

The early electrodeposition methods for plutonium were based on
the same reaction mechanisms as the uranium method. The plutonium was
oxidized chemically to Pu{VI) and then electrolytically reduced in a
0,12 M KOH or a 0.2M NHHOH-NHuCl solution at about 5 mA/cmz. The
recovery of plutonium wes not complete in these procedures. Miller
and Brouns *8) modified the above plutonium electrodeposition
procedure and obteined quantitative deposition of the plutonium,
using ozone for the oxidation and carrying out the electrolysis in
a KOH solution of 1 to 2 N.

Ko developed a general electrodeposition method for actinide
elements and applied it to the elements thorium through curium. They
are plated as hydrous oxides from a buffered, slightly acid solution
without preoxidation. The method relies on & pH change near the
cathode due to hydrogen discharge, ceusing formation of a hydrous oxide
of the element on the cathode surface. Many verlations of that
method have been publishedr5°'57‘. The yields are generally less than
100 percent, although Domnen and Dukes [58) developed & carrier procedure
that increased the yield to an average of sbout 99.8 percent. The
30 ug of uranium carrier used in the Domnan-Dukes procedure deposits
along with the active material so this method is not recommended for
standard sources, although useful in other spplications.

Solutions of ammonium formate containing & small ampunt of free
acid were used as electrolytes by Kofqg‘, the cholce of acid,
electrolyte acidity, end current density varied from element to
element.® A 0.4 M ammonium acetate electrolyte (& pH of about T) was
used for uranium deposition by Brodsky, Fagg and Hans come (507, They
reported that good deposits were made on aluminum, first coated with
zincate solution, ms well as on platinum folls.

Most of the other electrodeposition methods for actinide elements
also use weakly acidic electrolytes, but Mitchelll52) used a pH of
about one and used a very high current density, thereby completing
the electrodeposition in 10 to 15 minutes, Khlebnikov and DergunovrSS\

*See Appendix A.
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used an oxalate solution at a pH of 8 to 9 for U, Np, Pu, and Am
depositions, and Getoff and Bildstein{57\_uaed isopropyl alcohol
solutions for plutonium depositions. Any of these methods will
apparently satisfy the primary need of a thin and uniformly depoeited
source that adheres well to the foll,

The epperstus used for electrodeposition is quite simple. A
cell is used in which the metel foil is the cathode with only one side
exposed to the electrolyte. The anode 1s alweys platinum end it

Pt Anode - Stirrer

/

ﬁ i* Glass or Polyethylene
N '\
t N Cell
ig: \
N N
N N\
’H N
\ \
\ \
5 < DBakelite Cap

N
N

WL ZZ LT

N3

Neoprene Gasket

Cu Disc Cathode Pt or SS Disc
Wire (Approx. 22 mm Diam,)

Figure 6
Electrodeposition Cell

generally also serves as the stirrer in the form of & rotating coil

or disk. A simple and convenient cell, illustrated in Figure 6, is
made by cutting the bottom off a screw-capped glass vial. A plastic
vial cen be used in the same way. A similar cell, shown in Figure 7,
can be made from a Teflon or lucite rod and e screw cep of bress or
copper, as illustrated. The latter cell is designed to provide an
electrodeposit area that is smaller then the internal cross section area
of the bulk of the cell by tapering the interior wells near the bottom.
A vertical glass chimmey held by 3 or 4 springs or rubber bands

agalnst the disk on a flat metal plate is also commonly used. The
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bottom rim of the chimney is first coated with rubber cement to form

a gasket. The electrolyzing current may be supplied by a simple de
power source with a rheostat, & milliameter (about 0-200 mA range) snd
e voltmeter in the circuit. A 12;volt battery is sufficient for most
equeous electrolyte procedures, although high current density procedures
like that used by Mitchell 52} require more voltage. Commerciel

electroanelyzer systems ere also convenient sources of power,

3. Sublimation

Very uniform sources of moet materiels can be prepared by
subliming them in & vacuum in ean arrengement that ellows the vaporized
meteriel to condense on the desired foil. Any foll materiel, including
plastic film,can be used and the size and shape of the deposit can be
easily varied by using suitable mesks, The ylelds are generally.quite
low, although Pate and Yafre[58) ana Parker (59N designed crucibles
thaet collimate the molecular beam and give nearly 100 percent yields.

The use of the high temperature sublimation technique was
mentioned by Asarc and co-workers in 1952160V in connection with

vreparation of very thin foils of americium and curium chlorides for
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alpha spectrometry. Milsted(®1) deseribed apparetus and evaluated

the results of source preparations for elements from thorium to curium.
Jackson 62 carried out similar eveluations &nd also described an
improved version of Milsted's sublimetion apperatus. Other descriptions
of the technique have been published by Selo and Garden(3), Parker(59),
and others f#3),

The commonly used sublimation method is 2 high temperature
fleshing of an inorgenic compound of the element desired from a
resistance heated filament in a vecuum. Apparstus and techniques vary
considerably but the following is a typical procedure. A thin tungsten
or tantalum filament sheped to a V-trough is clamped between water
cooled electrodes in a vacuum chamber such as a commercial vacuum
evaporator. The desired isotope is placed in the filament trough by
pipetting a2 solution or a slurry of an oxide or other compound, The
filament 1s then heated in the vacuum by passing current through it,
first to a low red heat to remove organic matter end other volatile
impurities, and finelly to a high temperature to vaporize the desired
isotope. The target foil is either not present or is masked during
the first step. The foil is located above the filament in contact
with a cooled plate or heat sink.

The foil is generally masked by an aperture plate thet determines
the srea of the deposit. Filament temperatures between 2000 and 3000°C
are used and even the actinide oxides vaporize under vacuum in this
temperature range. After use, a couple ten-second heating periods et
the maximum temperature of the filament thoroughly clean it for reuse.

Crucibles of graphite, ceramics, or metals can be used instesd
of filaments, with the edvantage in some cases of better control of
yields. Parker 5% described a crucible designed to collimate the
molecular beam and give essentielly 100 percent yield, The crucible
cen be heated to sbout 1000°C with a resistance winding and then
electron bomberded to raise the temperature farther., A similar
apparatus is described by Kobisk 431,

The chlorides and oxychlorides of the actinide elements are
more volatile than the oxides so dried deposits from chloride solution
on the filement are generally vpreferred. However Milsted ®!) mounted
nitrates and pre-flashed the filements at temperatures high enough to
remove organic impurities and alkall salts but below the point at
which the oxides sublimed,

The isotope to be mounted must be free from apprecisble amounts
of impurities because gll salts mounted on the filament will be
deposited on the foil and will increase the source thickness. Final
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purification of the isotope is usually carried out by an extraction or
ion exchange step. For example, uranium, plutonium, or neptunium can
be absorbed on en anion exchange resin, washed with an 8 to 12 M HC1
solution and then eluted with 1 to 2 M HC1(6%>65), The transcurium
actinides can be absorbed on a cation exchange resin, washed free of
extraneous ions with dilute HCl, and desorbed sequentially first with
2 M HC1 and finally with 6 M HC1(86),

Certain organic compounds such as the ecetylacetcnates of uranium
and plutonium, and chelates of several elements, cen be sublimed at
lov temperatures in & vacuum/*%:58) to form thin deposits on metal or
plestic foils. To eliminete the organic materiml in the deposit and
more permanently fix the radioactive materiel, e chemical treatment such

88 vepor bromination followed by ignition is necessary.

4, Other Technigues

A unique method called electrospreying can be used to deposit
small amounts of an isotope onto a metellic foil or disk, The method
is described by Cerswell and Milsted{57‘, Blumberg, Stein end Gurskyrsa\,
and other scientists3), an organic solution of the isotope is drawn
into a very fine capillary and ejected as a fine spray by epplying a
potential of several thousand volts between the solution and a foil
placed a few centimeters below the tip of the cepillary. The organic
liquid apparently evaporates before the fine droplets strike the foil.
The correct choices of voltage and capillary size are mmde by triel
and error. A one mm ID cepillary with a 0.2 mm tip is typical.

Adsorption of a nuclide from a dlilute solution onto a foil can
be used to produce infinitely thin deposits (& few tenthe of a mono—
molecular layer in average thickness). E1 Guebely and Sikkeland (63
demonstrated the method with *3%Pu and 233U in 4ilute HC1l solutions.
Glass, aluminum and platinum surfaces were used. The maximum amount

of material that could be deposited was of the order of one ng/em?,

II. ABSOLUTE MEASUREMENT OF SPONTANEQUS FISSION EVENTS

A. Cherscteristics of the Spontameous Fission Process

The possibility of spontaneous fission of heavy elements was
forecast by Bohr and Wheeler in 1939(701 and was later observed by
Flerov and Petrzhak (711, fThe systematiecs of nuclear decay by fission
has been the subjJect of many papers{72'7“‘. The stability of nuclides
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TABLE X

Typicel Spontaneous Fission Half-Lives
(values in years unless otherwise noted)

Spontaneous Fission

Isotope Alpha Half-lLife® Helf-1ifed®
232y T1.7 B x 1013
234y 2.48 x 109 1.6 x 1016
235y 7.13 x 108 1.8 x 1017
236y 2.39 x 107 2 x 1016
238y ' 4,51 x 109 5.9 x 1015
236py 2.85 3.5 x 109
238py 86.4 4.9 x 1010
23%y 2,44 x 104 5.5 x 1015
240py 6240 1.3k x 1011
242py 3.79 x 105 7.06 x 1010
2utpy 7.6 x 107 ' 2.5 x 1010
2400y 26.8 aays 1.9 x 108
2420 163 days 7.2 x 106
244cm ' 18.1 1.hb x 107
2460m 5480 2 x 107
2480 4,7 x 105 4.6 x 106
249K 314 days 6 x 109
246cr 35.7 hr 2 x 109
24Beyp 350 daeys T x 109
250¢ce 13.2 1.5 x 104
252¢p 2.65 82
25hce - 60.5 days

8 Ref. T5.

#* Data selected from Ref. T6.

with regard to spontaneous fission decreases with increasing atomic
number; thus, most nuclides that have been observed to fission spontan-
eously are trensuranium elements. In general, the logarithm of the
spontaneous fission helf-life decreases lipbearly with increasing
ZZ/A for even-—even nuclides (721, Decay of odd Z- or A-number nuclides
by spontaneous fission is much less common and those that have been
measured heve much longer half-lives than their neighbors.

Table X lists the spontaneous fission and alphe half-lives of

the elements through californium that have measured spontaneous fission

32



rates. HNote that the alpha decay rates are seversl orders of megnitude
greater then the spontaneous fission rates,

The kinetic energies of fission fragments range from eabout 50 to
100 MeV, in contrast with alpha particles which have energies ranging
up to about 10 MeV, The mean kinetic energies of the low and high
mass groups of fission fragments are spproximetely 61 and 93 MeV,
respectively. A fission fragment has an initial net charge of about
+ 20e, but the charge decreases continuelly during the slowing down
process in an absorber. In that respect, the ionizing chaeracteristics
of fission particles differ from those of alpha particles. As a
consequence, a fission fragment produces a rether uniformly high ion
density along its entire path in a gas while an elpha particle
produces a lower ion density along most of its path but the density
increases sharply to a maximum near the end of the path. The ion
density in the first part of the fission particle path 1s high because
of the high charge, as predicted by the Bethe-Iivingston equationf10):

-dE _ l4me' z2NB
dx mv2

Where :%E is the energy loss per unit path in a gas, z is the number
of units of cherge e, N the denslty of the ebsorber in ntoms/cma, and B
is a "stopping power" term., Fission particles also lose energy by
nuclear collisions. Icnization due to collisions continues along the
path, unaffected by charge, but increasing with decreesing velocity,
Just ms the electronic ionization process increeses with decreasing
velocity, as indicated by the equation =zbove. A good discussion of
fission particle ranges and the theory of the energy lose mechenism is
given in a paper by Bethe and Ashkin(?), sSince the fission particles
have a range in air (at STP) of from 2 to 3 cm end slpha particles

bhave ranges from 4 to 5 cm, ionizetion chamber dimensions may be
selected so that the last half of an alphe particle path, and more than
helf of its ionization, are cut off without interfering with the
fiseion particle path. That enhances the fission fragment to alpha
particle pulse height ratio.

The energy distribution of the fission fragments in sponteneous
fission does not differ measurably from that of induced thermel neutron
fission of the same nuclide nor apperently from that of induced fission
of neighboring nuclides of the same element. That was verified for
the case of 2%40Pu vs 239%u and 242Pu vs 2%1Pu (game nuclide is
fissioned in these cases)73:77\, and for 2368y vg 235y (7¥),
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B. Applications of Spontanecus Fission Measurements

Most measurements of spontaneous fission ratea are made for
uniquely charecterizing new isctopes and studying the mechanisme and
systematics of.the decey processes of unsteble nuclides. The californium
isotopes, for example, vere originally detected and cheracterized by
sponteneous fission as well ss by alpha decay measurements(78), The
nuclear physics literature abounds in reports of measurements and
evaluations of the spomtanecus fission phenamenon. The papers by
Huizenga(72), and by Segre and co-workers!73:79:80) are typical.

Spontaneous fission meassurement has also been used as an
analytical method for determining the 24%pu content of reactor produced
plutonium. The applicatlion is possible because the specific sponteneous
fiseion rate of 2%0Pu is about I x 10* times grester than that of 23%pu
and the two lsctopes make up more than 99 percent of reector-produced
plutonium. The contributions of 238Pu and 2%2pu to the spontanecus
fission count are minor and the spontaneous fisslon rate of 24lpy 1g
negligible. Although this method for 24%Pu was cnce used in several
U.S. atomic energy projlect laboratories, most, if not all, isotopic
analyses of plutcnium are now done by surfece loniration mass spectrametry.
The latter method utllizes much smaller samples, 18 more rapid, snd provides
several isotopic ratice in a single measurement, rather than just the
240py/23%py ratio. Hevertheless, the spontenecus fission method for
240py provides a useful case for illustrating fission counting procedures.

C. Design of Spontaneous Fission Counters
l. Ionizetion Chambers

Parallel-plate ionization chembers are most cammonly used for
fiesion counting. BSince the energy of e fission fragment is more than
ten times that of a 5 MeV alpha particle, the necessary diecrimination
between the two is readily achieved by pulse height discrimination.
However, nearly all.nuclides that undergo spontaneous fission alsc
decey by alpba emisslaon with very large alphe-to-fission ratios. In
the case of reactor-produced plutonium, the alpha emission rate of a
source would be about 108 times the spontaneocus fission rate. Ccnee-
quently, the spontanecus fisslon counting system must -discriminate
very effectively against alpha particles to avoid the troublesome
background caused by "pile-up" of alphas.

Roesl and Staubf®1) treamted the pile—up problem theoretically for
the simplified case of a square pulse. Pcisson statistics dictete the
probabllity that (n-1) pulses will occur within the time interval, T,
after a given pulse:
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n-1 -n T
o
P(n-1) (ngT) e

(n-1)1!
where n, is the average pumber of pulses per unit time. Therefore the

counting rete of pulses that have an emplitude of n times that of a single
pulse will be:

no(noT)n_le_n°T

(1 + noT)(n-1)!

C(n) =

The equation seriously overestimates the pile-up of alphaes in fission
counting, however. For example, assume & pulse length of 300 ns (a

typical value for sn ionization counter), a source having an slpha count
rate of 106 c/s, and a discriminator setting such that a pile-up of six or
more alpha pulses will register as a fission count. The alpha pile-up count

would therefore be: C(6) + c(T) + C(BY + » o + «

\
)5 6 7 -0.3
I 108 3 (O;? + 0'? + LQ$%L_ . ;) e 72 10 counts/s

Actually, the alphe pile-up can be reduced to about 105 c¢/s for the above
cese, The discrepency is probably largely becsuse the pulse shepe is
not rectangular and linear pile-up does not occur, end the discriminator
sensitivity falls off as the pile-up pulse peak becomes narrower. A
theoretical treatment of other pulse shapes is quite complex, as in a
recent paper by Williemson (82} showing the Influence of pulse shape on
the distortion of pulse height spectra by the pile-up effect.

Pile-up discrimination is achieved by using fast counters to
minimize the chaence pile-up of alpha pulses by narrowing the pulese
width. Also, the discriminator setting is overated as high as possible
end the everage alpha pulse height is minimized by heving a smsll
electrode spacing in the ionization chember. Chamber voltage end gas
compoaition are selected to give a fast ion collection rete and RC or
delsy line clioping is used to shape and shorten the pulse, As a result,
the counter can usuelly be edjusted to count nearly all fission pulsés
while allowing less then 10 * counts/min. alpha pile-up count rate, The
necessary discriminator setting is found by plotting count rete vs
diecriminetor bias as illustreted in Figure 8. The curve of alpha pile-up
counts vs discriminator setting is e straight line on semi-logerithmiec
greph paper. The curve is extrapolated to 10 " counts/ min. or less
to select the desired discriminator setting. That point should be on

the fission counting plateau. PFor eny counter, a maximum acceptable
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alpha pile-up count rate will be found that will establish the maximum
usable total alpha disintegration rete of the sample. _

Ionization chembers with s screen grid shielding the collecting
electrode haeve been used for fission countingr73’7“\. A Frisch grid
chamber of the type used for alpha energy amalysis would serve the purpose.
Gridded chembers have good elpha energy resolution since the electron
pulse height 1s relatively insensitive to the position of the particle
track, While no study eppears to have been made, good energy resolution
in fission counting is not likely to glve any advantage because the
principal problem is to differentiate between fission pulses and alpha
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pile-up pulses, The differentiation is improved in the usuel chember
by close electrode spacing, as expleined above.

The early (pre-1945) fission counting experiments were conducted
at the Los Alamos Scientific Laboretory (792831 Simple parallel plate
chambers with spacings from 0.9 to 1.1 cm were used. Nitrogen gas
filling wes used initially, but pure argon was later adopted ms the
standard filling because the electron collection rate is higher in argon.
Since the spontaneous fisslon count rate is normelly very low, a great
deal of emphesis was placed on electronic circultry development to
reduce the background or spurious count frequency and improve the
discriminetion sgainst alpha counts. They were achieved by using fast
rise, clipped pulses to attein good discrimination ageinst alpha pile-up
pulses, very stable, low-noise power supplies and electronic circuits,
and boron-filled paraffin shields around the chambers to reduce neutron
induced fissions.

White and co-workers at the Knolls Atomic Power Laboretory used
sponteneous fission counters very similar to the LASL type, except that
the electronics were redesigned for ac rather than battery operationrah\.
Two of the XAPL fission counters were later used et Hanford 851 for
240py mepsurements. In the latter work, A-CO, (3%) gas et about 1.5
atmospheres was used in the chambers end spontaneous fission counting
of plutonium samples of up to about 2 mg was achieved with no interference
from the high slpha activity. The counter beckgrounds were negligible
compared with the sponteneous fission count retes. The fission counter
used for 240py; spontaneocus fission measurements st Harwell was of a
similar designras\.

Some experimentael studies of counter design have been made but
most of them were done on counters designed for induced fission counting,
wvhich generslly glves much higher count rates arnd less concern for back-
ground and elpha pile-up problems. Induced fission counters are used
to measure concentretions of fissile materiel, such as 235U/233U ratios,
end for precise neutron flux measurements et low fluxes such es in
reactor experiments at low power. Baer and Swifrt 87) tested the effects
of electrode spacing and obtained good counting efficlency with electrode
specings down to about 0.4 em with N2 gas at atmosphericlpressure.

There 1s, however, considerable latitude available in the spacing and

gas pressure used. For eny perticuler chember, a pressure can be found
thet gives an optimum fission to alpha pulse height retio with the
particuler pulse shape and electronics system used. Forla 1 cm electrode
spacing and sn argon filling, a pressure of 1.5 atmospheres was about
optimum for the counters used at Henford (851,
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The gas composition in ionization counters has an effect on both
the rete of electron collection and the voltege requirements and is,
therefore, & design parameter thet cen influence pulee length. Pure
nitrogen or argon cen be used in sponteneous fiselon counters, the
latter being generally preferred. However, small additions of N,, €O,
or CHH to argon increazse the electron drift velocity and such mixtures
heve therefore been used frequently. Watt and co-workers used A-CH,
mixtures (88) | KAPL snd Hanford investigators used A-CO,(3%)(8%:85) ang
both Nilsson and Goosey used A-N, mixtures (83-99), €olli and Facchini
showed the adventage of up to one percent addition of nitrogen to argomn
over pure argon in thelr study of the drift velocity of electrons in
ionizetion chamber operationrgl‘. Other studies of electron drift
velocities in pure argon, pure methane, and mixtures of these gases with
nitrogen and carbon dioxide have been made by Bortner and co—workers 921
and by English and Hanna(93),

Absolute fission retes mey be determined by coincidence counting
since each fission results in two fission fragments. Back-to-back
fission counter chambers are required, with the fissionable material
mounted on a very thin foill between the chambers. Watt and co-workers (881
used twin hemlspherical chambers with epproximately 5 cm radii,
argon-methane counting gas at atmospheric pressure, and circultry thet
geve a pulse width of 0.5 usec. The sources were plutonium at 2 to
‘20 pg/em?, mounted on thin plastie (40 pg/cm?) and on thin gold
(195 ug/cm?) foils. They used the coincidence count technique to measure
the spontaneous fission half-life of 240py;, obteining the presently
accepted value of 1.340 * 0,015 x 10!l years.

Dual source, back-to-back, fission counters have also been
used by Nilsson(89) and by Goosey (29 although not for coincidence
counting, but rather for simultaneocus counting of two sources of which
one may be & standard. This may be advantagecus in induced fission
counting if the neutron source strength is not accurately reproduced

from one time to encther,.

2. Gas Scintilletion Fission Counters

Sclid scintillstore, both inorganic and orgenic, are responsive
to heavy charged particles but they are not particularly well suited
for fission counting because the pulse height per MeV is much smaller
for a fission fragment than for an alpha particle. However, noble
gases are quite suiteble for scintillgtion counting. When the charged
particle passes through the ges, it loses energy primarily by inelastic

collisions, leaving & track of ions eand excited atoms. The de-excitation
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and recombination processes result in a burst of photons. The
particularly important features of noble gas scintillation are that the
decay rate of the photon pulse 1s very fast, of the order of millimicro-
seconds, and the light ocutput is directly related to the energy of the
particle gbsorbed and insensitive to its mass and charge. Therefore the
photon pulse from a 60 MeV fission fragment of 240py, for instance, is
more than ten times greater than that from the average alpha particle,
The fast pulse characteristic of the scintillation mekes possible a very
narrow pulse-width discrimination, therefore reducing the sensitifity

to coincident or multiple vile-up pulses. A limit is imposed, however,
by the fast-pulse capabilities of the electronic circuitry available.

Early experiments with gas scintillators were discussed by Eggler
and Huddlestoﬁrgk‘, and by Northrup and Nobles(95), Application of
the technique to fission counting was a natural step. Sayres aad Wu
in lQSTrgG\ published a pulse spectrum of the fission fragments from
235 using & xenon fission counter. For a good summary of gas
scintilletors, the reader is referred to Chapter 2, by R. B. Murray, in
"Nuelear Instruments and Their Uses" /977,

The scintillation spectra from pure noble gases lie in the
ultraviolet region. In order to measure the emlssion with good
sensitivity, either an ultraviolet sensitive multiplier phototube must
be used or a wavelength shifting material must be added. Brauer,
Connally, Kinderman and Gift98) constructed e gas scintillation fission
counter and experimented with some of the wavelength shifters used by
previous investigators to find a scintillation detector that gave a
high amplitude pulse and at the same time was simple and convenient to
operate, Their preference was for pure argon gas in conjunction with
a uv-sensitive multiplier phototube (RCA type 6903 in this case).

Part of the reason for that cholce was that the pulse amplitude was

found to be quite sensitive to variations in gas couposition and
melntaining a constant and reproducible gas compositlion is troublesome
vhen a gas mixture is being used. In eddition, the fission pesak amplitude
from pure argon (and the 6903 PM) wes at least as good &s the best from
argon or helium with nitrogen or tetraphenylbutadiene as wavelength
ghifters.

Some of the high molecular weight orgamnic compounds that are
comronly used as wavelength shifters in liquid scintillators are also
applicable to gas scintillators: divhenylstilbene, v-quaterphenyl, and
1,1,4,k-tetraphenylbutadiene are effective wavelength shifters in argon,
krypton, and xenon scintillation counting(99‘. Those materials may be
deposited on the walls of the chamber or simply on the face of the
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multiplier phototube. An optimum thickness appears to be ebout 20 to
30 ug/cm?, The eddition of a smell amount of nitrogen to helium or argon
elso shifts the wavelength peak, Breuer and co—workers(28) checked the
Ee—Hz(O.ZZ) system using en emission spectrograph and found the brightest
emission lines from alpha scintillations to be the nitrogen lines at
391h.4 and 4269.7 sngstroms.

The gas sclntillation spontanecus fisslon counter built by
Brauer and co-workers {9_3‘ haed a series diode prediscriminstor followed
by a cathode follower preamplifier, linear amplifier, discriminetor,
end scaler. The system operated with about & 120 nanosecond pulse et
the vrediscriminator. Spontanecus fission counting of 5 mg plutonium
sources was achieved with es little alpha interference es with ebout
2 mg sources In the ionizetion chamber sBystem previously used.

D. BSource Preparation

Sources for fisslon counting should ordinarily be prepared by
vacuun evaporation or electrodeposition since other methods are not as
vell sulted for depositing large amounts of an element in a uniformly
thin and adherent form. The exceptions are the high specific fission
rate nuclides, such es socme of the curium and californium isotopes. Thelr
spontanecus fission count ratee are high enough that only suomicrogram
amounts are mounted and the depositlon method is lese eritical., Isotopes
that are very scarce are vreferebly mounted by electroposition in order
to obtaln high ylelds and recovery of the undeposited material(i001,

For some 1sotopes, sources of seversl milligrams are needed to
obtaln satisfactory spontaneocus fission count rates, and experimentally
determined absorption correctlaons are made. If the sources are not
uniform in thickness, self-absorption errors will be lncreased. In order
to minimize self-absorption when mounting milligrams of an element on a
fisslon counting source, the foils used are usually much larger than used
for alpha counting, thereby spreading out the material om the foil.

Source thicknesses must be comsiderably less than 0.1 mg/em2
unless corrections for absorption loss are to be made (the range of
fission fregments in metal oxides is about 10 mg/em?). Baer end Swift (87
tested fisslon counting sources at up to 2 mg/em? of USOB and concluded
that self-sbsorption was not apnreciable up to 0.2 mg/cm?, as indicated
by the flatness of the fission counting pleteau. These results are at
varlance, however, with the observations of other investigators. Alkire
and co-workers (83} uged plutonium deposlits with averaze thicknesses up
to 200 ug/cm? .a.nd their deta indicate that self-gbsorpticn loss was
meapurable (a few percent) at a thickness of about 50 yg/em?. Thege
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' lnveatisators avoided errora due to self-absorptiom in pmtci:iiun foils
by measuring the ratio of the induced to spantanecus fission count,
using standard scurces of known plutonium isotopic composition to
calibrate, as described below. The curves presented by White (1011
indicate that a 0.1 mg/em? U 0, foll thickness had about a ane percent
self-abasorption loss. Knobeloch!192) reports high absorption losses for
urenium fission fragments fram electrodeposited films of 32 ug/cm?
average thickness, Since electrodeposit film uniformities are somevhat
varisble, absorption factors should be determined experimentally.

The electrodeposition methods for source preparation were
described earlier in the section on alpha source preparations. The method
of Miller and Brouns 8) has been used to plate up to 0.9 mg/cm? of
plutcnium with good appearance of the deposit. Ko plated up to 0.2 mg/cm?
of thorium, up to 0.11 mg/cm? of uranium, and up to about 0.l mg/cm?
plutonium by his method*®), Mitchell's method5?) is not satisfactory
for those amounts of material because the high electrodeposition rate
tends to produce spongy deposits. bBrodsky and co—workezG' u1‘1:1301-!: depositing
uranium on treated saluminum folls to thickness of up to about 0.2 mg/c:m2
vhich were very uniform and adherent. Several other electrodeposition
procedures are also reported to produce good d.epos.its of actinide elements
at up to a few tenths mg/em? (53»551

Vacuum sublimetion with a heated filament requires several
successive fllament loadings to reach the milligram level of elsment
deposited because each filement loading is in the microgram range, due
to physical limitations. To deposit large amounts, & cruclible source
may be used, as deacribed by Parker(59) and by Salo end Garden 63},
Povelites reportes that vacuum evaporation deposits can be wade consistently

more uniform than electrodeposits fnosn

E. Weighing Fission Sources
The "amount of sample material mounted on a fission foll must

be determined in order to calculate the specific spontaneous fission count
rate. Direct weighing or, in some cases, alpha counting or induced
fisalon counting can be used advantsgeously. Since nearly all isotopes
that undergo spontaneocus fisslon are also alpha emitters, absolute

alpha counting provides a convenlent method for determining the amount

of the element 1n the source, assuming that the specific activitles and
reletive percentages of all alpha emitting nuclides in the source are
known. Weighing by absalute alpha counting is done on a low-geametry,
defined solid-angle counter by the methods discussed in the first sectlion
of this monopgravch.

41



The high fission eross-section of some nuclides allows use of
neutron induced fission counting for "weighing" the source using a
calibrated neutron source and counter arrangement. A normal semple of
reactor-produced plutonium consists principally of the isotopes 239py
and 240Pu, Alkire, Schmidt end Kinderman(®) "yeighed" several sources
of plutonium by microbelance, by low-geometry alpha counting, and by
induced fission counting, and concluded from their datae that the latter
method was thé most precise,

The method of induced fission counting requires the use of a
standard source of known isotopic composition, but if only the 2klpy - 239py
retio is desired, the weight of plutonium on the sources doee not need
to be known. Only the ratio of the induced to spontaneous fission rates
and the isotopic ratio ere required. The relevant equetions are as
follows:

Let 5 = spontaneous fission counting rate of the sample¥ {cts/min)

I = inducea fission counting rete of the sample* (cts/min)
SFR = specific spontaneous fission rate of 2%0Pu (cts/min/g)
G = geometry factor for the fission counter
% = tonermal neutron flux for the neutron source used
(neutrons /min/cn? )

o = 239y rission cross-section for the above neutron source

{ cm?/atom)
Then,
grams 240py = §§%§E

T xG x 239
(6,03 x10%7) x ¢ x o

grans 239y

S5 and I in these equations should be corrected values.

Set up the ratio

grams 240py = 5 x {6.03 x 10%3) x ¢ x o
grams 23%y I x 239 x SFR
= %— x K

Where K is constant for e given counter and e constant neutron flux

6 x o x (6.03 x 1023)
239 x SFR

*About 99% of the spontanecus fissions are due to 24%0py, Calculated
corrections should be mace to S for the contributions of 238py and
242py, More than 99% of the induced fissions are due to 23%pu.
Calculated corrections should be made for the contributions cf 2"1?u
and for the spontaneous fissions of 240py,
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One then solves experimentally for K by determining S and I for
e standard source of plutonium having a known isotopic composition,
obtained by mass spectrometry and alpha energy enalysis. Unknown samples
are counted under the same conditions as the standard and the 2%0pu/23%y
ratio calculated from the S5/I ratio:

The accuracy limits of the method are governed by the accuracy
of the isotope camposition of the standard, the accuracy of the
corrections for 23%pu, 241py and 242Pu contributions, and the reproducibility
of the neutron flux and counting geocmetry between the counting of
standerd and samples. Tables XI and XII contain dete thet illustrate
the mensitivity of the fission count rates to the isotople composition
of plutonium,

TABLE XI

Nuclear Data for Plutomium

Thermal Neutron Fission

Spontaneous Fipsion Rate Cross-Section (barns)

Isotope (rissions/g/min) _(Ref. 10L4)
238py 6.7 x 10% 18.

23%py 0.6 TU6.

240py 2.5 x 10t 0.1

241py low 1025,

242py 4.6 x 10" 0.2

TABLE XII

Relative Contributions of "Typical" Plutonium
Iaoctopes to Fission Count Retes

Isotopes ——

Z38p,  23%y Pu Tlp, ZFpy
"Ivpical" ieotopic
composltion (%) 0.01 93.0 6.5 0.47 0.02
Relative contribution
to spont. fission rate
(%) 0.4 0.03 100. emall 0.57
Relative contributiom
to induced fission rate
(%) 0.0003 100, 0.001% 0.7 amall

=
Rot including spontaneous fission rate.

13
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APPENDIX A

PROCEDURES FOR PREPARATION OF
ALPHA ARD FISSION SOURCES

Several representative electrodeposition procedures are given
here for the convenience of the reader. Examination of the originel
papers 1ls urged, however, for the benefit of a more complete discussion
of each pro.cedure. The procedures are generally used for depositian of
very small emounts of material on folls having an area of a few sqﬁsre
centimeters. When a.p-élied to spontaneocus fission counting, mierogram
to milligram amounts of the muclide are often desired, calling generslly
for some modification of the electrodeposition procedure, primarily as
follows:

(1) Use of much larger folls to spread the source material,

{(2) Use of longer plating times and possibly a series of

successive platings with foil ignition and hand polishing
of the deposit between gteps.

(3) Increased stirring efficiency. A reciprocating stirrer

using a perforated anode is more effective than a rotating
anode.

Excellent sources can also be prepared.by. vacuum sublimation and
electrospraying methods. The procedures used are to a large extent
unigue to the particular epvaratus at hand. Yor descriptions of apparatus
and procedures, references 43, 61, 59, 6T, and 68 are recommended,

1. PREPARATION OF URANTUM SOURCES BY ELECTRODEPOSITION

Procedure A (from reference 50), for depositing up to about
200 ug of uranium,

1. Add the chosen amount of uranium ion solution to a dilute
hitric or nitric and perchloric acid solution end adjust
the volume to about 15 mR.

Z. Neutralize to the blue endpecint of bromcresol green using
1 M NH,OH solution and back titrate to the green endpoint
(pH of 5-6 uging 0.1 M HEO,_).

3. Add the electrolyte to an electrodepositiocn cell having a
capacity of at least 30 mt. A cell -slmilar to one of those
shown previously in Figures 6 and T is suiteble,

4, Add 5 mf of 0.4 M ammonium acetate soluticnm.

5. Place the cell in = water bath at 85-90°C.
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Electrolyze for four hours with the followlng conditions:

() keep the water beth at §5-90°C;

(b) stir vigorously; e.g., operate a rotating disc stirrer
at about 300 rpm;

(c) keep the cathode current density at about 100 ma/cm?
(the cell voltage was 5-6 volts with the spparatus
described in reference 50. The value will be effected
by electrode areas and electrolyte concentrations),

After deposition, drein the cell and rimse quickly with

distilled water, remove the freshly deposited source, rinse

again with distilled water, and dry for 20 minutes under a

heat lamp. With platinum foile, ignite the foil for five

minutes at about 800°C to dehydrate the deposit. With other
foil materials, lengthen the ?eriod of drylng with a heat

lamp.

Procedure B. (From M, R. Weiler end W. Y. Matsumoto, "Determin-
etion of 232y and 233U in Irradiated Thorium", USAEC Report BNWL-159,

Nov. 1965).

1.

Transfer the uranium, previocusly purified by ether extraction,
to 10 mf of solution thet is 1 N in NHHNO3 end 0.1 N in HNO,.
AdJust the solution to a ph of 1.0 to 1.5 with dilute NHROH.
Transfer to an electrodeposition cell containing the desired
foil es the cathode end e platinum stirrer-anode,

Electrolyze at 100 ma/em? with continuous stirring until a

pH of 8 or greater is reached.

Remove the cathode, rinse with distilled water, and ignite

to & dull red heat in a flame.

2, ELECTRODEPOSITION OF PLUTCHIUM AND OTHER ACTINIDES

Procedure A. (From reference 49),

1.

Carry out the electrodeposition in a cell similar to those
described previously (see Figures 6 and 7). Use pletinum
anode~stirrer rotating about 200 rpm at a distance of about
1l cm above the cathode.

Prepare the necessary supporting electrolyte in each case,

edd it to the cell, turn on the stirrer, and then add from
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Element

Amount#

Thorium
Uranipm
Reptunium
Plutonium

Ameriecium
and Curium

3 mg per 11 cm? of

Cu of Pt

0.7 mg/6 cm® of
Cu or pessivated Pt

2,5 pg/em? on Cu or
passivated Pt

Up to 115 pg/1.5 cm?
on stalnless steel

Up to 5.3 ug/1.5 cm?
on Pt,Cu, or SS

TABLE T — ACTINIDE PROCEDURE A

Cathode Duration of

Supporting Electrolyte -Current Density Electrolysis
0.05 M H,S0, ~ 0.08 M NH,COUH 4.5 ma/cm? 16 br
0.2 M HCRO, - 0,15 M NH, COOH 13-16 ma/cm? 1 br
0.2 M HC20, - 0,15 M NH,COOH 50-60 ma/cm? 1 hr

. sgﬁ - 0.076 M NH, COOH " 30 ma/cm?

or 0.2 Ml cio - 0.15 M N, CO0H  50-60 ma/cm? 1to b bre

0.2 M HCQOH - 0,15 M NH, COOH 50-60 ma/cm? 2 hr

¥Maximum amount deposited and cathode materlal used in the
tests reported in referemce L9,



a plpet the desired amount of a solution of the nuclide to
be deposited. The volume of the solution asdded should not
exceed 10 percent of the volume of supporting electrolyte.

3. Carry out the electrolysis for each nuclide es specified in
Table I.

Lk, At the end of the electrolysis, siphon out the electrolyte,
rinse the cell with dilute NHMOH and then acetone. Disassemble
the cell, rinse agaln with acetone, and dry thoroughly under
a heat lamp. Platinum discs may be flame-dried or heated to

red heeat in s furnace.

Procedure B, (From reference 51),

1. For thorium, uranium, plutornium or emericium in a nitric,
hydrochloric, or perchloric acid solution.

a. Adjust the volume of the electrolyte containing the
deslred amount of the nuclide to bHe deposited to
about 20 me,

b. Adjust to a pH of 2.5 to 3.0 by edding NHHOH.

c. Place in a sultable cell with a platinum anocde-stirrer
and the desired foil es the cathode. Electrolyze for
two hours at e 100 ma/cm? cathode current density.

d. Drain the cell, rinse with distilled water, remove the
foll and rinse egain, and dry thoroughly under a heat
lamp, If a platinum foil is used, it may be ignited
for a few minutes.

2. For neptunium in e nitrie, hydrochloric, or perchloric acid
solution.

a. Adjust the volume of electrolyte to about 80 mi and adjust
the pH to 3.0 by edding FH,OH.

b. Place in s suitable cell for electrodeposition on the
desired foll and electrolyze for 10 minutes et & cathode
current density of about 250 ma/cm?.

c¢. Complete the deposition as in step (d) sbove.

Procedure C, (Adepted from reference 52). Repid Electrodeposition
of Actinides.

The actinides mre plated from a dilute NHHCL-HCE solution onto
platinum disk cathodes with an exposed area of about 3 cm?. The following
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conditions resulted in high yields for Th, Pa, U, Fp, Pu, Am and Cm in
15-minute electrodepositions:
(1) Adjust the electrolyte volume to 4 to 5 mt.
(2) Adjust the pH to about 1 with NH,OH and HCE,
(3) Have the final CL— concentrastion ebout 0.1 to 0.2 g/mt,
(4) Electrolyze with a current of ebout 2 emperes (about 0.7
amp/em?) .
(5) Have the anode-stirrer located sbout 0.5 cm above the
cathode and rotating rapidly.

Note: Use & lower current density for plating more than submicrogram
emounts to avold poorly adherent deposits.

APPENDIX B
TESTING OF COUNTERS AND COUNTING STATISTICS

The fundamentels of counting statistics are discussed in most
rediochemistry textbooks., A few procedures given here are particularly
useful in high accuracy counting and asre generelly not described in
textbooks in a way that the average radiochemist can epply them,

l, DETERMINATION OF THE OPERATING RANGE OF AN ALPHA COUNTER

In general the operating point is on the voltage pleteau between
one-third and one-half of the way up the plateau. The setting must be
consistent with the calibration. The plateau should be checked daily
and the voltege setting posted for all users of the instrument to follow.
A chenging plateau position 1s a warning of electronic or detector
malfunctioning.

The measurement of the voltage plateau is made as follows:

1. Place m high quality standard or test source with s count

rate of about 50,000 c¢/m in the standard coumting positiom.

2, Turn the detector voltage up to a point at which alpha

counting just starts. Record the count rate at this point
and at 50 volt intervals between the threshold and the point
at which the count rate begins increasing markedly. (For a
ZnS scintillation counter, use 25-volt intervals).

3. Plot the count rate vs voltage and choose the opereting point.
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2, DETERMINATION OF THE COINCIDENCE LOSS CORRECTION OF
A COUNTER BY THE PAIRED-DISC METHOD

The coincidence-loss correction of a counter is made using the
formula:

=
]

R + R?T

where
N = true counting rate
R
T

observed counting rate
the dead time of the counter

The formula is sufficiently accurate without the higher terms in T that
have been dropped. The simplest procedure for measuring T is the paired
disc method described here¥*., Estimates of T made by a double-pulse
generator or an oscilloscope method are less accurate. Another accurate
method of measuring counter dead time is reported by J. P, Balagna**, It
involves following the decay of a very active short-lived alpha source

such as 60-minute 212Bi-212py (or S5h-minute 11%In in the case of B counters)
from very high count rates where coincidence losses afe significent to low
count retes where losses are negligible. A camputer program is used to
solve for the counter dead time required to linearize the single component

exponential decay time.

The Peired Disc Procedure

l. Cut & sample mounting foil in helves and cerefully flatten the two
halves,

2, Mount sufficient alpha emitter on each helf foil to glve an alpha
activity on each foil of 30,000 to 40,000 counts per minute. The
amount of activity on the foils does not need to be known exactly.
The deposits should be thin, uniform, -and relatively sclids-free
so that the counting plateaus are quite flat.

3. Count the foils in the standsrd counting position in the following
sequence:

a. count disc A for 10 minutes
b. count discs A + B for 10 minutes
c. count disc B for 10 minutes

d. repeat the sequence

*T, P. Kohman, Anal. Chem., 21, 352-6L (19L9),

“er. P, Balagna, Los Alemos Scientific Laboratory, Los Alamos, New Mexico,
private communicetion, December 1967.
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L4, Calculate the counter dead time using the formula:
RA + RB - RAB -b

T-EIAB'RzA_RzB
where:
RA = gverage count rate of disc A
RB = average count rate of dlsc B
RAB = gverage count rate of disc A + disc B _
b = background count rate

5. Coincidence corrections are made by epplying the simple formula:

K = R + TR?
where
N = the true count rate
R = the observed count rate
T = the dead time of the counter
Comments:

The specified count rates and counting times are appropriate for
counters with values of T of about 0,1 ymine If appreciably larger cor
sneller values of T are found, the source ptrengths of the half-discs may
be adjusted accordingly. The relative standard error of the estimate of
T will be 10 to 15 percent for T = 10~7 min., vhich is sufficiently precise
for most cases. The relative standard error of the T measurement may be
calculated using the following apnroximation:

1
o « [Rafta * Rp/ty * Rynltyy V72

(Ry + Ry - R,p)? ]

3. MAKING THE CHI-SQUARE TEST FOR COUNTER STABILITY

The Chi-Square test is used to show that the variations between
successive counts of & given source are no grester than expected fram
counting statistice.

Procedure:

1. Place a test source having an activity of sbout 50,000 e¢/m

in the standard counting position.

2. Count the disc five times for 10-mimite intervals. Record
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the values, calculate the counting rates and the mean counting
rate, and calculate the x2 as follows:

3. Calculation: n -
> _(c; - 0)2
x2 = f=1 ~

C
n = number of trials (=5)
Ci total counts obeerved in the it—h- trial

C = mean value

(-5 &)

One may prefer to use the form:

n
> c,? -l

X< = im]l

c
4, Compare the y? with the tabulated velues for a 99% probability
at ‘4 degrees of freedom, If the x2 is outside the 99%
limit, re-run the test before considering the instrument out
of cantrol. (For more stringent control, one may prefer to
use the 95% limit),

The limits for the x2 with 4 degrees of freedom are:
at 99% probability: 0.297 and 13.3
at 95% probebility: 0,711 end 9,49
Notes: The calculation may be made using count rates rather than the
total counts., In this case the counting time, t, appears in

the formula: n

S (x-02

i=1
XZ =

Example: Five 10-minute counts were taken as follows and tabulated along

with the calculations:

n_ € %1 - §) (F:_ 8)2
1 524,610 -2L8 61,50k
2 525,050 +192 36,864
3 524,550 -308 9k, 864
L 52l 210 -648 419,904
5 = 525,870 +1012 1,024,144
Ic; = 2,624,290 88 = 1,637,260

ICy & = 524,858
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Since this value of X2 is within the control limite, the counter
1s in good control; i.e., the variations observed between counts

cen be sttributed entirely to the counting statistics,

4, CALCULATING THE CONFIDENCE LIMITS OF A COUNT

The 95% .apd: #9% confidence limits for total counts of less them about
50 are shown graphicelly in Figure 1. When the total counts observed

exceed the range of the graph the confidence limits can be caluclated
as follows:

qfﬂz =/c+ 1+
YRV

where H, = the upper confidence limit

Y

Uy, = the lower confidence limit

C = the totel counts observed

(= Ix; or tX)

f = 1.96 for the 95% confidence limits

2.58 for the 99% confidence limits

A simple epproximation of the limits is obteined by using the formula:

u=C*f\]F

To obtain the confidence limits of a count rate or & mean value, simply
divide each limit by the count time. Thus, where X = % , the upper and

lower limits are p,/t and u,/t, respectively.

5. A TEST OF WidETHER TWO SOURCES HAVE THE SAME MEAN
COUNT RATE

The difference between the observed count retes should fall
within the probability limite given by the "normal" distribution 1f the
source strengths are not significantly different. A test of this may be

made as follows:
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Figure 1.
(Appendix B)
Poisson Distribution Confidence Limits

, and iz are obtained for

the two sources in totel counting times tl and t,, respectively,

1. Suppose mean count rates of X

2. Solve for the overall mean:

3. Calculate two parameters, = and P,, as followa:
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P, = 2(/t111+1—/t1_u )

e e (Vo )

If the sources are not significantly different, the

differences between p, and p, should be less than the

following range limits:

For e 5% level of significance: 2.7T7
For a 1% level of significence: 3.64

Note: This test mev also be used to campare two counters.

Example:

Counter

=

P2

450,000 + 301,500

Suppose a given standard alphe source was counted
‘on two instruments with the following results. Do
the results indicate that the two counters have

different geometry factors?

Count Rete Total Counting Time

10,000 c/m 45 min.
10,050 e¢/m 30 min.

2
- o

5+ 30 10,020 e¢/m

V50601 - /—1750906) = -1.hk

Y 301500 - /—376'6'0_0) 1.64

P, - P = 3.08

Therefore, the data indicete that the counters have
different geometry factors at the 95% confidence level,
Additional counting should be done to confirm this and

obtaln an improved estimate of the normalization factor

between the counters.



MONOGRAPHS IN THE RADIOCHEMISTRY AND THE RADIOCHEMICAL
TECHNIQUE SERIES

ELEMENTS

- Ajarlaum and Gsll'um, NAS-NS-3052 [1951]
Amsricium ana Curium, NAS-NS3006 11950]
Antimony, NAS-NS-3033 116611
Arsenic. NAS-NS-3002 tRav.) 11865]
Asatire, NAS-N5-3012 [1960]

Barlum. €alcium_ and Stropmium.
NAS-NS-3010 [1860]

Beryllium, HNAS-NS-3013 {19601

- Caarslum_ NASNS-3001 [1960]

Carbe. N-woger:. =nd Oxvgen.
NAS-N5-3019 [1360]

_Casium. NAS-NS-31)35-11851]

Crromium, NAS-NS-3007 (Fav.) [ 1963]

Cobslt. NAS-NS-3041 [1981]

Coopper. NAS-NS-30627 [1261]

Fluorire. Crlorine. Broming, ano ladina,
NAS-NE-30G5 (10501

Francium. NAS-NS-3G03 [1960]

Cermaniam. NAS-NS-3043,{1861]1

Goid. NAS-NS-3055 [1961]

Ingium. NAS-N5-3014 {19601

Iridium, NASNS-3045 {19611

Irgn, NAS-NS-3017 (19601

Lesn, NAS-NS-3040 [1961]

Magnagiura. NAS-NS-3024 [1861]

_ Manganesa. NAS-NS-3015 [19€0}
Marcyry. NAS-NS-3026 | 19661

“Malyndenum. NAS-NS-3009 113601
Nicial, NAS-NS-30671 [18511

_ Nigbiu™ and Tanmiem, NASNS-3039 (196%]
Osmium, NAS-NS-3046 {1961]
Pallagium, NAS-NS-3062 119611
Pnasanorus. NASNS-3056 {1862]
Platinum, NAS-NS-3044 {1961]
Prutonium, NAS-NS-30E8 [1385]
Palonium, NAS-NS-3037 [1261] T
Poramium, NAS-NS-3048 [1961]
Prowmctinium, MAS-NS-3016 £18591-
Fadium, NAS-NS-3057 [1864]
Rara Earths —Saandium. Ytrrium, ana

Actirmumr_. NAS-NS-302G (1951]

Rare Gemss. NAS-NS-3025 (1360]
Rhenium. NAS-NS-3028 [1861] i
Rrod:um. NAS-NS-3008 (Fev.) {19651
Rubidiur, NAS-NS-3063 [1852]
Ruthanium. NASNS-3029 [1961]

Ses thz beck ¢f the TUs pEgs Tor availabihry information

Selenium. NAS-NS-3030 (Rev.} [1955]
Sil'con, NAS-NS-3049 [1961]

Sitver. NAS-NE-3047 196811

Sodium. NAS-ME-3G55 [1062]

Sulfur, NAS-NS-3064 [1961]
Techratium, MASNE-3021 [1960]

- Tetlurium. NAS-NS-3038 i 1960]

Thorium, NAS-NS-3004 (158501

Tin. NAS-NS-3022 {1950} ~

Thzniam. NAS-NS-3G34 11961]

Transcurlum Elamants, NAS-NS-3031 (19601
Tungstan. NAS-N3-3C42 [1361]

Urznium, NAS-NS-3050 (18811

Vanagium, NASNS-3022 {1960]

Zinz_ NAS-NS-3016 {19801

Zircoruum: and Hafnium_ NAS-NS-3011 {1860]

TECHNIQUES

Absalute Measuremart of Aicha Eimlon
arn Spoatanecus Fisior. NAS-NS-3112
(16681

Activatior: Analyss ' Chargad Particles,
NAS-NS-3110 [1965] .

Applicat.oms of Computers to Nuclsar and
Radiocnsmisoy, NAS-NS-3167 [1982]

Applicgtion of D Tacnniques 0
Redlochamiaal Sapsr NAS-NS-3108 -
119621

Cnemical Yiad Dater in Radio-

chamisry. NAS-NS-3111 [1967]
Dewction ana Mamurament of Nuclear
Radisdon, NAS-NS-3105 [1961]
Liau'g-L:Guia Exgact:on wit Hign-
Molacuiar Welgnt Amiras. NAS-NS-5101
{19601

_ Low-Lavel Radioch IS ions,

NASNS-3103 [1961]
Paper Chromatograph'c and Elscwocmigration
ioeran y. NAS-NS-

Tachnlques ir: R

3106 (1962]

Processirg of Counting Dz, NAS-NS-3108
11965i ’

Rapid Radiochemicsl Separations. NAS-NS-
3104 i1661]

Separatcne by Sc'vert Exvacton witn
Fri:-octylphosonire Oxice. NAS-NS-3102
i19611 -
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